Background: Simultaneous intracortical recordings of neural activity and blood-oxygen-level-dependent (BOLD) functional magnetic resonance imaging (fMRI) in primary visual cortex of anesthetized monkeys demonstrated varying degrees of correlation between fMRI signals and the different types of neural activity, such as local field potentials (LFPs), multiple-unit activity (MUA), and single-unit activity (SUA). One important question raised by the aforementioned investigation is whether the reported correlations also apply to alert subjects. Results: Monkeys were trained to perform a fixation task while stimuli within the receptive field of each recording site were used to elicit neural responses followed by a BOLD response. We show -also in alert behaving monkeys -that although both LFP and MUA make significant contributions to the BOLD response, LFPs are better and more reliable predictors of the BOLD signal. Moreover, when MUA responses adapt but LFP remains unaffected, the BOLD signal remains unaltered. Conclusions: The persistent coupling of the BOLD signal to the field potential when LFP and MUA have different time evolutions suggests that BOLD is primarily determined by the local processing of inputs in a given cortical area. In the alert animal the largest portion of the BOLD signal's variance is explained by an LFP range (20-60 Hz) that is most likely related to neuromodulation. Finally, the similarity of the results in alert and anesthetized subjects indicates that at least in V1 anesthesia is not a confounding factor. This enables the comparison of human fMRI results with a plethora of electrophysiological results obtained in alert or anesthetized animals.
Introduction
Simultaneous electrophysiology and functional magnetic resonance imaging (fMRI) in V1 of anesthetized monkeys [1] has shown that the blood-oxygen-level-dependent (BOLD) signal is more representative of intracortical processing of incoming neural signals; i.e., it is better correlated with the local field potentials (LFPs) than with neuronal output, the multiunit activity. Similar results also have been obtained in other species and other brain areas by using a variety of methods ranging from fMRI to optical methods to histological methods [2] [3] [4] [5] [6] . However, the majority of studies attempting to elucidate the coupling between BOLD and intracortically recorded neural signals either used anesthetized animals, typically with consecutive fMRI and electrophysiological recording in the same animal [5, [7] [8] [9] , or, when neuronal signals could not be recorded simultaneously, used recordings from different subjects or acquired under different experimental conditions [10, 11] . Hence, questions remain about the nature of the correlation between neural signals and fMRI and about the exact interpretation of the BOLD signal. This work takes a further step toward elucidating the nature of the coupling between neural and BOLD signals by examining simultaneously recorded neural and BOLD signals in awake, behaving monkeys.
It is a well-known fact that anesthesia profoundly affects both neural signals [12] [13] [14] and the vascular system [15] , thus impacting neurovascular coupling in the brain as well. Anesthesia is characterized by changes in EEG, and it affects the response to stimulation [12, 14, 16] . On the vascular level, anesthesia affects vascular tone and, hence, can decrease or altogether obliterate the BOLD response [8, [17] [18] [19] . Both neural and vascular effects depend on the choice of anesthetic [14, 15] . In our initial study of the nature of the neurovascular coupling in the anesthetized monkey, we put a great deal of effort into optimizing the anesthesia protocol in order to minimize all the effects described above while still ensuring the well-being of the animals. We employed either balanced anesthesia (e.g., a combination of low isoflurane concentrations with infusion of fast-metabolized opiates and muscle relaxants) or opiate anesthesia supplemented with muscle relaxants [1, 17] . Our studies of the effects of drug concentration on the physiological and BOLD responses suggested that most of the neurovascular responses in the primary visual cortex of monkeys remained largely unaffected, albeit attenuated, by the utilized protocols. Nevertheless, the neurophysiology of the BOLD signal in the absence of any anesthetics remained an important open question to tackle directly in alert monkey experiments.
It is known, for instance, that neural and vascular signals are strongly affected by neuromodulatory effects such as those underlying arousal, attention, and short-term memory [20] . It has been shown that attention has marked effects on neural firing and LFPs in V1 [21, 22] , typically increasing neural activity, as well as on the BOLD signal, which increases strongly when subjects attend to a stimulus [23] [24] [25] . The investigation of the neural mechanisms of BOLD under anesthesia has considerably simplified the trial-to-trial analysis of the variance of neural and vascular signals, mainly emphasizing feedforward sensory neurovascular responses [1] . Yet, the neuromodulation-induced additional complexity in alert animals enables the investigation of the BOLD signal under conditions similar to those reported in human cognitive studies.
Here, we report for the first time simultaneous recording and fMRI in alert monkeys performing a simple fixation task. The animals were trained to maintain fixation by using a dimming task [26] . Although the BOLD signal in alert monkeys was found to have a higher functional contrast-to-noise ratio (CNR) than in anesthetized animals, no marked differences in the degree of correlation between LFPs and BOLD or between multiple-unit activity (MUA) and BOLD were found. LFPs and MUA were both correlated with the BOLD signal, although LFPs were more strongly correlated with the BOLD response than MUA. As expected, small differences were observed in the low-frequency bands in the alert monkey, as the power of these frequencies is reduced by anesthesia.
Results
Functional imaging was performed on awake, behaving monkeys at 4.7 T in combination with electrophysiology in primary visual cortex, also designated as visual area 1 or V1. Figure 1 shows simultaneously acquired neural and fMRI data from a representative session. Functional activation was elicited by 4 -8 rotating polar stimuli centered on the receptive field of the studied neurons. The functional activation map overlaid on the anatomical images is shown in Figure 1B . The electrode is located in the middle slice. Voxels in a region of interest (ROI) near the electrode were used to calculate the BOLD time course ( Figure 1C) ; the average ROI used for the reported experiments was 24 mm 3 (1 SD = 4 mm 3 ). Although typically there is some signal loss near the electrode due to susceptibility artifacts, signal dropout was not a major problem; the extent of the artifacts depends on the size and material of the electrode tip and on imaging parameters, but the activation map shows no substantial loss of functional signal in voxels adjacent to the electrode. BOLD signals in the alert monkey were stronger than in anesthetized monkeys; the average percent change in intensity was 2.6% (s = 1.9) with a maximum modulation of 8.6%, whereas in anesthetized monkeys typically signal changes of w2% are observed. Figure 1A shows the time courses of the seven band-limited power (BLP) signals extracted from the recorded, comprehensive signal after removal of gradient interference, band separation, and rectification (see the Experimental Procedures). The first three bands are well known from the EEG literature, whereas the other bands were defined solely on the basis of our recent work, in which we investigated the relationship between the visual information carried by different frequencies of LFPs and spikes in electrode-array recordings [27] . The results of this study suggested that the most stimulus-informative LFP frequencies are those below 12 Hz and between 70 and 100 Hz (gamma range). LFPs in the range of 20-60 Hz carried very little information about the stimulus, although they shared strong trial-to-trial correlations, indicating that they might be influenced by a common source, such as diffuse neuromodulatory input. The visual stimuli of the aforementioned study were 5 min long color-movie clips. In other words, the stimulation was naturally diverse and likely stimulated all visual cortices that are not affected by light anesthesia. In the present study, the stimuli were simply geometrical shapes (rotating polars) that optimally drive primary visual cortex. Moreover, due to limitations imposed by the behavioral task, the stimuli were shown for short periods of time (6 s) in sequential trials. It is, therefore, not surprising that the time courses of the signals in this paradigm are relatively similar to each other. Nonetheless, the following analysis revealed a differential contribution of these signals to BOLD.
To map the stimulus-induced activations, we used a general linear model (GLM) [28] . A GLM was constructed by convolving the seven aforementioned BLP signals with a theoretical hemodynamic response (HRF) and by using the resulting time courses as regressors (red traces in Figure 1A ). Note that the neural signals typically have higher SNR than the BOLD signal. The relatively low SNR of the BOLD response can result in statistical rejection of activated voxels in fMRI experiments despite the fact that the underlying neural activity is highly robust and significant. The low sensitivity of the BOLD signal is a wellknown problem in fMRI, and absence of a BOLD signal does not necessarily imply complete absence of neural activation.
To identify possible differences in the contribution of different frequency bands to the BOLD response, we calculated the F ratio by consecutively comparing the full model that contains all seven frequency-dependent regressors against a null model with each regressor removed. This enabled us to test the significance with which each frequency band could explain the BOLD response. A significant F ratio for a particular frequency band suggests that this band explains a component of the BOLD response that cannot be explained by any of the other bands. The results of this analysis are displayed in Figure 1D . The bars show the F ratio statistic for each of the bands and the labels, its corresponding p value. Figure 1E depicts the beta values of the GLM. Figure 2 shows the average F ratio statistics and the beta values for all data (14 sessions, 3 animals). The bars show the F ratios for the different bands, with the median p values over all sessions superimposed. All frequency bands contributed significantly to the BOLD response at a level of p % 0.01, whereas the F ratios for alpha, nMod, and gamma were significant at p % 0.001. The lowest p values were consistently obtained for the nMod signal in the 20-60 Hz range. Average beta values were comparable across frequency bands, suggesting there is no one single band that especially determines the BOLD response under these stimulation conditions. Figure 3 displays a session in which there was dissociation of the MUA from the BOLD response. BOLD responses were measured in the ROI indicated in Figure 3A . The average neural response to the stimulus ( Figure 3B ) shows that the neural responses, both LFP (neuromodulatory band, 20-60 Hz) and MUA, exhibit a transient onset response upon the start of the stimulus, whereas in this example, the MUA response returned immediately to baseline, but the LFP remained elevated for the remainder of the stimulus period. Such transient responses were less frequent in the alert than in the anesthetized animal (ca. 1/5 and 1/3, respectively), most likely because of the animal's eye movements or due to task-related top-down activity in V1. Off responses were seen in both the LFP and MUA traces. In contrast to the neural signals, which respond immediately to the stimulus onset, the BOLD response is delayed with respect to the neural events. The mean onset of the BOLD response was about 2 s after the start of neural activation and reached a plateau 6-7 s later.
To examine the contribution of the MUA and LFP signals to the BOLD response, we also applied time-dependent frequency analysis to the raw data. The magnitude of the timedependent Fourier transform (spectrogram) of the signal was computed by using a sliding window (Hamming window of 250 ms). Figure 4A shows the mean spectrogram of the neural signal computed for five experiments in two animals. Typically, after stimulus presentation a transient increase in amplitude was observed across all frequencies that adapted after a few seconds. In many cases the MUA adapted after a pronounced onset response, whereas the LFP showed an additional sustained response [1] that was maintained during the entire stimulus presentation. The opposite, fast adaptation of the LFP in combination with a sustained MUA response never was observed. The maximum transient increase in amplitude upon visual stimulation was found within the 70-120 Hz range of the LFP. There was a very prominent stimulus-induced increase in the magnitude of the LFP in the 15-120 Hz range, which was always larger than that observed for MUA. Signal power in the lower frequency bands (5-15 Hz) was weaker than in the 15-120 Hz range, and correlation with the stimulus was lower. More power was present in the low-frequency signals (5-40 Hz) in alert monkeys than in anesthetized animals, but no differences were observed in MUA and in the high-frequency range of LFPs.
A comparison of the correlation of the magnitude of each frequency band with BOLD for anesthetized and alert monkeys is shown in Figure 4B . The correlation coefficient as a function of frequency shows a roughly similar pattern for anesthetized and awake monkeys, with low or negative correlations in the low-frequency range and higher correlations above 20 Hz. Differences between awake and anesthetized monkeys were seen in higher correlations for alert monkeys in the 10-30 Hz range, whereas above 60 Hz correlation coefficients were lower in alert monkeys. The LFP frequencies at which the correlation with the BOLD signal differs significantly (p < 0.01) from the correlation of the MUA with BOLD are marked with asterisks. In the anesthetized monkey these are roughly frequencies between 30-140 Hz and below 20 Hz. In the alert monkey, they span the 15-80 Hz range and very low frequencies. As in the anesthetized monkey, the BOLD signal in the alert, fixating animal showed a higher correlation with the LFP (15-80 Hz range) than with the multiunit activity.
Discussion
In the present study we examined the relationship of the BOLD fMRI signal to neural activity in the alert, behaving monkey. Overall, the neural responses in the primary visual cortex were found to be similar in the two types of preparation, although the amplitude of BOLD in alert animals was consistently higher than in anesthetized ones. Decreased amplitude of the HRFs during anesthesia had been reported previously using a variety of experimental protocols in a number of different species [16, [29] [30] [31] . Aside from this amplitude reduction, there were no major alert versus anesthetized differences in the time course of the neural signals or in the correlation between different frequency bands and the BOLD responses, indicating that the anesthesia regimes used in our previous and ongoing studies (opiates in combination with low isoflurane (0.3%) concentrations and opiate anesthesia alone [17] ), although potentially reducing some of the feedback to V1, do not induce large changes in neural responses and neurovascular coupling in this area. An exception to this was the power in the low-frequency LFP signals (5-15 Hz): Although almost absent in the anesthetized monkey, the magnitude of low-frequency components in the alert animal was more pronounced. We note here that this result does not necessarily extend to other anesthesia regimes [14, 15] and most likely cannot be generalized for cortical regions beyond the primary sensory and early association areas.
In higher visual areas like STS and IT, for instance, the functional SNR of the BOLD signal is distinctly lower in anesthetized [32] than in alert [33] monkeys. The difference between areas may be due to regional differences in hemodynamics (A) Time-frequency analysis of the neural responses averaged over five experimental sessions in two monkeys. Temporal resolution was 250 ms and frequency resolution 3.4 Hz. The strongest signal was seen in the 15-120 Hz LFP range, which followed the stimulus pattern (the stimulus on period is represented by red bars in the bottom trace). In the MUA band (400-3000 Hz), the response was characterized by a strong onset response followed by weaker sustained firing resulting from adaptation to the stimulus. (B) Correlation coefficients of the LFP frequency bands and MUA with the BOLD signal, averaged over all experiments. Overall correlation between the LFP and BOLD signal and between MUA and BOLD was comparable for anesthetized and alert monkeys, but alert monkeys showed stronger correlations in the low-frequency bands (10-30 Hz) and weaker correlations above 60 Hz. LFP-BOLD correlations that were significantly different (p < 0.01) from the MUA-BOLD correlation are indicated by asterisks. Error bars represent SEM.
or alternatively to the fact that certain cognitive capacities such as attention and perception -both strongly affected by anesthesia -have greater effects on the neural activity of these areas [22, 23, 34] . Differences in BOLD responses within V1 also may be found when the animal is involved in cognitive tasks other than simple detection of changes in the intensity of a fixation spot. Notwithstanding such cases, for area V1 of the primate, fMRI during anesthesia offers a good estimate of the BOLD response in the alert animal as long as the amplitude of the response is sufficient to reach statistical significance.
BOLD-LFP-MUA Relationship
Both anesthetized and alert monkey studies indicated that LFPs are more reliable predictors of BOLD than MUA. In both studies the rationale of this conclusion was not just based on the fact that LFP-BOLD correlations are higher than MUA-BOLD correlations. Instead, the inference was drawn on the basis of the much more important observation that there are time periods during which LFP and MUA are dissociated. During these periods the strong reduction of MUA does not affect the BOLD signal, leaving LFP as the only predictor of the HRF. Such dissociations also have been reported by other investigators [1] [2] [3] 35] and were consistently observed during electrical microstimulation of the cortical afferents as well [36] . In these studies stimulation of the lateral geniculate body that forms the main thalamic input to V1 shuts down the output of the cortical microcircuits, resulting in the reduction of the V1 contribution to all recipient extrastriate areas (e.g., V2, V3, etc.). BOLD imaging during such stimulation always leads to an activation of the primary visual cortex -despite the profound reduction of spiking -and a concomitant deactivation of the recipient areas whose input is significant reduced.
In the present work, we assessed the significance of a differential contribution of the two types of signals to the HRFs by applying an analysis method that accommodates for the conditional dependencies among different BLP parameters when explaining the BOLD data. In the GLM context, the BLP covariates were first convolved with a theoretical HRF and the resulting regressors were used to compare models with or without the frequency band of interest by using the F ratio statistic. On the basis of this analysis, the highest F ratio (p = 0.000008) for all data was found for the nMod band (20-60 Hz), which most likely reflects neuromodulatory input in the area [27] . High F ratios (p % 0.001) also were found for the alpha and gamma bands, whereas the F ratio of MUA was significant at the 0.01 level (Figure 2) . Notably, the evoked potentials, which were found to carry significant stimulus-related information [27] , had higher F ratios and lower p values than the MUA signal.
Inspection of the beta values for all data would indicate that the increase in BOLD per increase in power of the gamma BLP is higher than for all other frequency ranges. For regressors that are independent of one another, this might imply that the contribution of this band to the BOLD signal is higher than that of all others. Yet, such results must be interpreted with caution because BOLD increases per increase in power in a given frequency band may be difficult to interpret for two reasons. First, the estimated regression coefficients (the beta values) may themselves be highly correlated, rendering the interpretation of one frequency-band-specific coefficient difficult in relation to others. Second, and more importantly, from a physiological point of view, calculations of BOLD increases per increase in the magnitude of a neural signal at a given frequency range might be meaningless. For example, a large increase in field potentials may reflect large changes in metabolic demands and large HRFs, although it may only marginally increase the spiking rate or even decrease it in the case of two-step inhibition through local interneurons.
The alert monkey study revealed lower correlations of the LFP to the BOLD signal than the anesthetized monkey, especially in the 65-200 Hz range. Here, too, however, quantitative comparisons between data from awake and anesthetized monkeys must be made with caution. It is plausible that the R values in Figure 4B are an underestimate of actual correlations in the awake monkey, mostly because of behavioral effects that cannot be completely controlled. On one hand anesthesia may reduce correlation with the BOLD signal, but the anesthetized data in general were more stable and reproducible. And although the BOLD signal is generally lower in anesthetized monkeys, the BOLD time courses in alert monkeys tend to be noisier due to animal motion. Lower correlations of the neural signals with BOLD in the alert monkey are also likely due to the fact that for the alert monkey the blank period is much more variable than for the anesthetized monkey. During the blank period, the alert animal will see a dimming of the fixation spot, release the lever and break fixation, receive his reward, and can allow his gaze to wander freely until he reestablishes fixation. This will introduce larger variability in the neural signals than in the anesthetized condition and could possibly decrease overall correlation with the BOLD signal. Another factor is the effect of larger eye movements in the alert animal, which has been shown to affect neural responses, e.g., the reliability of measured spike timing and sharpness of tuning curves [37, 38] .
On the Origin of LFP and MUA Signals MUA and LFP result from the dynamic interaction of various synaptic and cellular mechanisms, the former reflecting primarily the output of neurons within a few hundred microns from the electrode tip [39, 40] and the latter mostly a weighted average of synchronized dendrosomatic components of the input signals to neurons within 0.5-2.5 mm from the electrode tip [40] [41] [42] [43] . LFPs initially were attributed exclusively to population excitatory or inhibitory postsynaptic potentials that are considerably slower than the spiking activity, but later studies provided evidence of the contribution of other types of slow activity to the LFP that are unrelated to synaptic events [44] [45] [46] , including voltage-dependent membrane oscillations and spike afterpotentials. The soma-dendritic spikes in the neurons of the central nervous system generally are followed by afterpotentials, a brief delayed depolarization, the afterdepolarization, and a longer afterhyperpolarization, a sequence thought to play an important role in the control of excitationto-frequency transduction. Afterpotentials, which are generated by calcium-activated potassium currents, have a duration on the order of tens of milliseconds and most likely contribute to the generation of the LFP signals [47] .
In view of this kind of evidence, LFP may be better thought of as reflecting the postsynaptic consequences of presynaptic inputs to neurons, but this ''input'' not only pertains to feedforward signals but also captures both local network activity (such as that of the recurrent excitatory-inhibitory loops of the cortical microcircuits) and global activity (such as that generated by thalamocortical loops and ascending diffuse systems). MUA, on the other hand, does not indiscriminately reflect spiking at the output side of every neuron but the activity of a much smaller population of large pyramidal cells. Specifically, MUA is mainly due to the activity of those neurons whose perikarya have a diameter of 15-20 mm and which are located within a sphere of approximately 200-300 mm radius. Anatomical data [48] suggest that the laminar distribution of MUA-generating V1 neurons within this volume is 620, 885, and 640 neurons in the infragranular, granular, and supragranular layers, respectively. These numbers are smaller by more than an order of magnitude than the actual distribution of pyramidal neurons but still too large in view of the number of neurons commonly sampled in extracellular recordings. The strong selection bias during such recordings probably reflects the physiological properties of neurons and/or the organizational principles of neural networks. Many different electrical and optical measurements provide evidence that a substantial proportion of neurons, including cortical pyramidal cells, might be silent [49] . Their silence may reflect unusually high input selectivity or the existence of decoding schemes relying on infrequent events.
Hence, the discussion of whether or not fMRI signals reflect stimulus-specific spiking or general activity, including neuromodulation, implicitly refers to the activity of those isolated single neurons that are found to increase their firing rate when the animal perceives a stimulus or performs a given task. By extrapolation, the psychologist or cognitive neuroscientist who finds a cortical area to be activated by a certain task implicitly or explicitly assumes that -if an electrode were placed in the subject's brain -an increase in the spiking rate of those specialized neurons underlying the subject's behavior would be observed. It is important to realize that this might well be true in some cases, but not in all. There is currently no method that can ensure that fMRI activations necessarily reflect increases in the firing of stimulus-selective neurons.
Spatial Extent of LFP and MUA Signals
In principle, the stronger contribution of LFP to the BOLD signal could be the result of differences in spatial summation because LFPs usually are thought to integrate signals from a couple of millimeters, whereas MUAs do so only for a few hundred micrometers. Experimental evidence, however, suggests that this is not the case. Spatial summation of the LFP and MUA signals was examined by using arrays of electrodes with different interelectrode spacing. Intracortical recordings were carried out with a 4 3 4 array of microfiber electrodes (quartzPt 90 W 10 ; 80 mm shaft diameter, spacing of 250 mm center to center, impedance 250-750 kOhm at 500 Hz). In such experiments the contribution of MUA was found to even decrease after summation of the activity of all electrodes [1] . This is most likely due to the lack of significant synchronization in this frequency band rather than to the notion that the cortical tissue has capacitive and resistive properties of an anisotropic nature, which would imply frequency-and direction-dependent signal propagation. Frequency-dependent propagation, with high-frequency signals having shorter propagation distances, would suggest that MUA reflects very local activity, whereas LFP signals can originate from local sources as well as from distant and often irrelevant sources. Yet recent intracranial measurements using a novel variant of the four-point technique showed that signal propagation is independent of frequency and that the resistive properties of gray matter are largely isotropic [50] . These findings suggest that the spatial summation of LFP and MUA is more likely determined by the size of these signals' generators and the nature of neural events underlying them rather than the suggested filtering properties of the brain.
In addition, further experiments show that the differences in the size of a recording site's spatial receptive field were largely exaggerated in the first place. In an effort to quantitatively determine the summation properties of different frequency bands, we again recorded V1 activity with arrays of electrodes, having an interelectrode spacing of 250 mm, 1 mm, and 3 mm. Two measurements of spatial interactions were used: reverse correlation and coherence-to-distance functions (see the Supplemental Data available online). They both revealed comparable spatial interactions, barring the very low frequencies (delta and theta), a finding suggesting that the summation properties of different frequency bands do not underlie the coupling of signals to BOLD.
Comparison with Human Physiology and fMRI
The studies reported here confirm our previous investigations of the neurophysiological basis of BOLD in anesthetized monkeys. Both LFP and MUA correlated with BOLD, the former being better predictors than the latter and with correlation coefficients ranging approximately from 0.3 to 0.6. These values are considerably lower than those reported in human experiments [11] . Yet the exact relationship of neural activity to BOLD only can be conclusively studied in experiments comparing trial-by-trial neural and hemodynamic responses and only when temporally resolved fMRI is possible. In the aforementioned human study, these conditions were not met because spiking activity was measured in two patients under quiet conditions over large time windows and was compared with the average BOLD response from 11 healthy subjects sampled with a repetition time (TR) of 3 s. The conclusions drawn from this comparison were that (1) the mean spike rate correlates with the BOLD response, and (2) the correlations of BOLD with the spike rate and of BOLD with high-frequency LFP were very high and very similar. The first finding confirmed the results obtained in the monkey study [1] and also is consistent with the data presented here, whereas the latter, which shows discrepancy with the results presented here, most likely reflects excessive averaging, as illustrated in Figure 5 . Figure 5A displays data from a single session acquired at a temporal resolution of 250 ms and analyzed by using a window of the same length. Figure 5B , on the other hand, shows the same data when both neural and fMRI data are downsampled to a window of 3 s, the typical temporal resolution of human fMRI studies. The decimation process ''smoothes'' the signal and typically increases coherence across frequency bands, leading to higher overall correlation coefficients. Not surprisingly, the correlation coefficients did not increase uniformly across frequency bands; the filtering particularly affected the high-frequency bands (>60 Hz). The higher LFP frequencies and the MUA are typically modulated at higher frequencies than the lower LFP bands (see, for example, the pronounced onset responses in Figure 1A ). The smoothing of such high-frequency modulations by the decimation unavoidably increases the correlation of MUA to the BOLD response as well. Finally, averaging over different subjects and analyzing only periods during which intersubject correlations were maximal [11] further increases the neural-to-fMRI correlations, as this process selects the most common sensory responses. In short, in our opinion, the alleged discrepancy between the findings in anesthetized and in alert monkeys with respect to the differential role of field and action potentials in the neurovascular coupling simply reflects a methodological artifact rather than inter-areal or interspecies differences.
Summary
In this study it has been shown that in awake as in anesthetized monkeys the LFP band correlates better with the BOLD response than with the signal in the MUA band, suggesting that the aforementioned processes more effectively drive the BOLD response than the spiking output. The better correlation of LFP with the BOLD response is supported by autoradiography studies that show that regional glucose utilization is directly related to neuronal synaptic activity [6, 51] . For example, the greatest 2-DG uptake occurs in the neuropil, i.e., in areas rich in synapses, dendrites and axons rather than in cell bodies. During orthodromic and antidromic electrical stimulation, only the first, which involves presynaptic terminals, increases glucose consumption [6] . Similarly, the highest density of cytochrome oxidase is found in somatodendritic regions that are adjacent to axon terminals. Although the LFP-BOLD correlation is often higher than the MUA-BOLD correlation, given that neuronal input (represented by the LFP) and neuronal output (represented by the MUA) usually are correlated, the MUA will be correlated to the BOLD-signal by virtue of its correlation to the LFP. Conclusive evidence about which signal best drives the BOLD response can only be gained from cases in which there is dissociation of the LFP and MUA [1-3, 35, 52] , and here it is found that LFP activity also drives the HRF in the absence of spiking activity. Methods based only on statistical comparison (without dissociation) leave much room for variability, given the usual correlation between LFP and spiking, and this can be a potentially confounding factor in cases in which neural recording and fMRI are not performed in the same animal or subject or at the same time under the same anesthesia conditions. The current study shows that the better correlation of the LFP signals, particularly the nMod (20-60 Hz) band, with the BOLD signal, is a robust phenomenon even in the awake, behaving animal. The similarity of the relationship of the different neural signals to the BOLD signal in the awake and anesthetized animal not only offers insights into the mechanisms underlying the hemodynamic response but also can aid in the comparison of results from human studies and animal studies and, thus, help us to better interpret the functional meaning of activation patterns observed with fMRI.
Experimental Procedures
This study involved 14 combined electrophysiology-fMRI sessions in three monkeys. Monkeys were healthy and weighed 5 to 9 kg. All studies were carried out with great care to ensure the well-being of the animals, were approved by the local authorities (Regierungspraesidium), and were in full compliance with the guidelines of the European Community (EUVD 86/ 609/EEC) for the care and use of laboratory animals.
Surgery
Prior to the experiments the animals were implanted stereotaxically under general anesthesia with a custom-made three-point headpost to fixate the animal's head, and a recording chamber was placed over the occipital pole. A detailed description of the surgical procedures for the implantation of fixation devices has been published elsewhere [1, 53] . Headpost and chamber were made from PEEK (polyetheretherketone; TecaPEEK, Ensinger, Inc., Nufringen, Germany) and secured on the skull with custom-made ceramic screws (zirconium oxide Y 2 O 3 -TPZ 5x1, Pfannenstiel, Germany).
Awake-Primate Setup
Combined fMRI-electrophysiology experiments were performed on a vertical 4.7 T scanner with a 40 cm diameter bore (BioSpec 47/40v, Bruker BioSpin, Ettlingen, Germany). The 4.7 T scanner was described in Logothetis et al. [1, 17] and is equipped with a custom-designed and built transport system and primate chair for awake monkeys that is similar to the awake fMRI setup described in detail in Keliris et al. [54] and Oeltermann et al. [55] for our 7 T scanner. It consists of a primate chair and device to fixate the monkey's head, equipment to display the stimulus, sensors to record the animal's movement and track its eye movements, and a juice-delivery system. Monkeys were sitting in an upright position in a 3/4-cylindrical primate chair that was closed with a lid once preparation was complete. Motion sensors were located on the headpost, and in some experiments motion sensors and restraints for the arms also were used. The chair had two levers that the monkey holds or releases depending on its behavioral task. The monkey's head was fixated to the chair by means of the headpost implanted on the animal's skull, which was fixed to a holder that is subsequently attached to the chair (for details see figures in the aforementioned publications). A juice tube is placed in front of the animal's mouth. Prior to experiments, animals are extensively trained in a chair and environment that is nearly identical to the scanner setup. The animals were trained using operant conditioning methods to perform the behavioral task and to remain motionless for the duration of each experimental trial. The training was aided by feedback from the motion sensors.
The radio frequency (RF)-coil was a 30 mm transmit/receive surface coil that was fixed in place over one hemisphere of V1. Wax earplugs were put in the animal's ears and held in place with dense foam cushions that filled the space between the ears and the perimeter of the chair, thereby further contributing to noise reduction.
Stimuli were delivered binocularly byusing the Avotec VGA fiber-optic system (Silent Vision, Avotec, Stuart, FL, USA) with an effective resolution of 530 3 400 fibers, a field of view of 30 3 23 , and a frame rate of 60 Hz. Eye movements were continuously monitored with an infra-red camera (RealEye, Avotec, Stuart, FL) with eye-tracking software (iView, Sensomotoric Instruments GmbH, Teltow, Germany). The eye-movement system was calibrated by using custom-written software while the animal was under the magnet. Visual stimulation was accomplished by presenting a polar-transformed, black and white rotating (60-180 deg/s) checkerboard of the same mean luminance as the background (28 cd/m 2 ). Stimuli were of variable size (4 -8 ) and presented peripherally, centered on the receptive field of the neurons in the recording site. The direction of rotation was Figure 5 . Effect of fMRI Temporal Resolution on the Correlation Coefficients between Neural Signals and the BOLD Response (A) Averaged data (four sessions, one animal) acquired and analyzed at a temporal resolution of 250 ms (the fMRI repetition time used in this study) and (B) the same data downsampled (after filtering) to the typical temporal resolution of 3 s used in human fMRI. The decimation procedure leads to a loss of temporal resolution and an overall increase in correlation coefficients of all frequency bands with the BOLD response, although the increase in correlation coefficient by decreasing the temporal resolution is not the same for each frequency band. The inset shows that increasing the TR increases the mean correlation coefficient. Error bars represent SEM for all three plots. reversed every 2 s to minimize adaptation. All visual patterns were generated and presented by using custom-written software running under Windows. The stimulus paradigm ( Figure 6 ) was adapted from Wurtz's dimming task [26] . A data acquisition period lasted 134 s and consisted of eight trials of 15 s. The monkey was presented with a blank screen (28 cd/m 2 ) on which a square fixation (0.1 -0.15 ) spot appeared. 1.2-1.5 s after the monkey achieved fixation the stimulus was presented for 6 s. After this the blank background reappeared and the animal needed to maintain fixation for a period of 8 s to allow the HRF to return to baseline. At the end of this period the fixation spot dimmed from 0.1%-0.15% contrast, to which the monkey had to respond by releasing a lever to obtain his juice reward. This paradigm ensures a relatively constant level of attention throughout the trial.
Signals recorded during an experimental session included the neural signals (up to two electrodes), eye-movement and motion signals, and gradient signals. The timing of all events needs to be recorded and synchronized, and because trials are occasionally aborted on the basis of the monkey's behavior, feedback has to be given to the monkey. Handling of the triggers to and feedback from the scanner, stimulation program, motion sensors, eye-tracker, and data acquisition programs used custom-written software running under QNX (QNX software systems, Ottawa, Canada), a real-time operating platform.
MRI Data Acquisition
For functional scans single-shot GE-EPI was used with a FOV of 64 3 32 mm and slice thickness of 1 mm. The matrix size of 64 3 32 (BW 60 kHz), echo time (TE) of 20 ms, and repetition time of 250 ms allowed the acquisition of three slices, which captures the immediate vicinity of the recording electrode. Because the aforementioned parameters yield an acquisition window shorter than the T 2 * of gray matter at 4.7 T, resolution is not affected by T 2 *-blurring. After 14 s of dummy scanning to allow the animal to get used to the scanner noise, a block-design stimulus paradigm was started with eight trials that consisted of 1 s fixation followed by 6 s visual stimulation, followed by 8 s blank, leading to a scan duration of 134 s. For anatomical reference, a high-resolution GEFI (Gradient-Echo Fast Imaging, FLASH) was used with resolution of 167 3 167 mm, FOV 64 3 32 mm and slice thickness of 0.5 mm. At a TE/TR of 8/1500 ms, this resulted in a scan duration of less than 5 min.
Electrophysiological Recording
The procedures for electrophysiological recording and compensating for interference on the electrophysiological signal due to the switching of the scanner gradients are described in detail in Logothetis et al. [1] and Oeltermann et al. [56] . Briefly, at the start of the experiment the recording chamber was opened and an electrode drive assembly was fastened on the chamber, with the electrode holder positioned above the craniotomy. One day before the first experiment, a 2 mm trephination was performed under ketamine and local anesthesia. This trephination was used over the following days to introduce the electrode into the brain. The drive assembly consists of the electrode holder, a mechanism for manually advancing the electrode by turning a screw, and the three-coil magnetic-field sensor (for the ''near'' interference circuit, see below) mounted on the microdrive. The electrode holder is composed of the electrode, the sensor for the ''far'' interference circuit (see below), and the ground contact. The electrode holder consists of three concentric metallic cylinders. The inner cylinder is the contact point for the electrode, the middle the far interference sensor, and the outer layer serves as the amplifier ground. The cylinders are insulated from each other with polyetheretherketone. The concentric cylinders, in particular the outer cylinder, are a rotation-symmetric shield for the electrode, permitting optimal ground contact to the animal while avoiding loops susceptible to induction. The gap between electrode and electrode holder was sealed with silicon gel. Electrodes were made of platinum-iridium (Pt 90 Ir 10 ) wire etched with sodium cyanide (NaCN) solution and coated with glass (Corning glass 7570). The glass-coated tip was glued into a 1.5 mm glass capillary tube.
The animal has a gold wire implanted that acts as ''feedback'' electrode and is contacted via the headpost. This electrode is part of the far interference compensation circuit and delivers the calculated counterinterference signal to the animal. The three-coil magnetic field sensor necessary for the near interference compensation circuit is positioned on or near the electrode drive. The cables from the RF-coil, near interference sensor, ''feedback'' electrode, and recording electrode are passed through conduits in the chair and connected to a feedthrough panel in the bottom of the chair.
After the eye movement system was calibrated, the electrode was driven into cortex (while the far interference compensation was active) under ''visual'' and auditory guidance while the animal performed a fixation task in which a stimulus was presented periodically. The electrode was positioned such that signal intensity and stability were maximized. Based on the anatomical MR images most recordings were obtained from granular and infragranular layers of V1.
Subsequently, agar (0.6%) prepared with saline (0.9% NaCl in D 2 O) was filled into the chamber such that the ground and sensor make electrical contact with the animal and artifacts in the images are minimized. Deuterium saline is used instead of normal saline to avoid changing the RF-coil's Q-factor, and agar is added to minimize oscillations in the saline and dura during gradient switching. After this the animal was raised into the magnet. Prior to the first functional scan, the interference compensation is manually adjusted such that gradient interference on the electrode signal was minimal.
Signal Acquisition and Interference Compensation
The main problems arising when performing electrophysiology in the scanner are interference due to gradient switching and the fact that the preamplifier needs to be moved outside the magnet, which requires the use of long cables that lead to large signal losses. To avoid signal loss, we developed a method to measure current instead of voltage; prior to amplification the current was converted to voltage (details are given in Oeltermann et al. [56] ). Signals were amplified 3-30 mV/pA, which in a conventional voltagemeasuring system using an electrode of 300 kOhm impedance (measured at 1 kHz) would amount to an amplification of 10 4 -10 5 . The bandwidth of the main amplifier was 50 mHz to 3 kHz, and the signal was digitized at 22.3 kHz by using a 16-bit AD converter, which was subsequently decimated by a factor of 3 to 7.43 kHz.
The problem of interference was solved by using two separate interference-compensation circuits [1, 56] : a circuit to compensate for far interference, i.e., arising from a distance larger than the distance from electrode tip to electrode ground, and a circuit that compensates for near interference originating from the immediate vicinity of the electrode tip. Far interference arises from the capacitive coupling of the animal to metal, resulting from the metal-to-electrolyte interface of the electrode. This finite capacitance allows interference currents to flow, for example, from ECG lines to the animal. By placing a sensor around the electrode and feeding an inverted copy of all interfering signals through it, interference currents flowing to the animal can be eliminated (see [1, 56] for details).
Because of the finite distance between the sensor mentioned above and the electrode, near interference originating from areas within this distance Figure 6 . Task Design A repeated dimming task adapted from Wurtz [26] was used. The data-acquisition period was 134 s and consisted of eight individual trials of 15 s. The onset of the trials was marked by a tone, after which a blank period consisting of a gray background of 28 cd/m 2 was presented. After 6 s a square fixation spot of 0.1 -0.15 was shown (cyan) and after the animal successfully fixated for 1.2-1.5 s, the stimulus was presented for 6 s (red). The stimulus was a peripherally presented rotating checkerboard (4 -8 ) of the same mean luminance as the background, centered on the receptive field of the neurons at the recording site. After stimulus presentation an 8 s blank period (gray bar) followed, during which the monkey had to maintain fixation (the duration of the fixation spot is shown in cyan). At the end of this period the fixation spot dimmed (dark gray) to which the monkey had to respond by releasing the lever to obtain his reward.
cannot be countered in the same fashion. This interference is large enough to be problematic, so we compensated for it with a near interference circuit. Magnetic-field changes due to the gradients were monitored by three small, identical, orthogonally oriented coils positioned near the electrode, and the measured signal was added to the ''ground'' of the current-to-voltage converter to neutralize the interference. Because the small coils are oriented orthogonally and the gain and sign of the signals is manually adjustable, it is possible to simulate the induction voltage in a wire loop of any diameter and orientation. In this way, a virtual wire loop wound in the opposite direction can be adjusted such that the loops caused by asymmetries in the electrode holder and cable are effectively compensated (see [1, 56] for details).
The above interference-reduction techniques yielded a nonsaturated, measurable signal that, however, still contained a certain amount of gradient interference. This residual interference was eliminated by using principal component analysis (PCA). The data were realigned to the slice-selection pulse, (which marks the beginning of acquisition of an EPI image or segment of an image). PCA and elimination of those principal components that best correlated with the interference directly recorded from the gradient amplifiers resulted in a ''clean'' signal [1] .
Data Analysis
Data analysis was performed by using custom-written software in MATLAB (The Mathworks). MRI data were reconstructed by using Bruker software, and image data were normalized in two steps. One is carried out at the level of image reconstruction to ensure that the images are all scaled in the same manner. The second step is the ratio normalization applied to the images, whereby each voxel in the scan is divided by the mean of all voxels above an ''inclusion threshold.'' The result is scaled by a user-specified mean value (e.g., 1000). Subsequently, linear trends were removed and data were wavelet-filtered to remove temporal noise. Data analysis in the alert animal requires motion correction, for which a six-parameter rigid-body linear model was used (implemented in MEDx 3.0). To improve signal-to-noise, all functional images were spatially filtered (full-width-at-half-maximum 1.5 mm, 3 3 3 kernel).
Seven band-limited power signals (BLP) were extracted from the broadband electrophysiological recordings [27] : delta (0.05-4.5 Hz), theta (5-8 Hz), alpha (8-15 Hz), nMod (20-60 Hz), Gam (gamma-stimulus-related band 65-100 Hz), hGam (high gamma in 125-200 Hz), and MUA (1000-3000 Hz). Band separation was carried out in two steps: First, the aggregate neural signal after removal of gradient interference was split into a low-and a high-frequency range (LFR and HFR) by low-and high-pass filtering, respectively. LFR and HFR were separated using a 4 th -order Butterworth filter of 500 Hz and 100 Hz cutoff edge, respectively. In all steps, forward and backward filtering was used to eliminate phase shifts introduced by the filters. Second, individual BLP signals were extracted from the LFP and MUA signals by using a Kaiser window filter with a transition band of 1 Hz for LFR and 50 Hz for HFR, stop-band attenuation of 60 dB, and pass-band ripple of 0.01 dB. This two-step procedure was used to avoid quasi-singular or badly scaled matrices; in addition it proved computationally more efficient than a single-filtering operation. Power-line noise (50 Hz) was eliminated during data acquisition by a high degree of grounding in the electrical infrastructure of the room, by grounding every device to a single point, and by keeping grounding short. Analysis of the data and inspection of the power spectrum never revealed a visible sharp peak at 50 Hz, indicating that the amount of line noise was negligible. The power of the band-limited signals was obtained by squaring the fully rectified signal. The rectified signals were lowpass filtered (4 Hz cutoff) and resampled at 250 Hz. These signals were convolved with the theoretical human HRF and used as regressors in the GLM or correlation analysis. For Figures 4 and 5 , the LFP signal was split up in 44 frequency bands of 3.4 Hz each derived from the spectrogram, and these were convolved with the theoretical HRF. Activation maps were thresholded at a significance level of p = 0.001 uncorrected and clustered in three dimensions with a cluster threshold of 10 voxels.
To test whether different neural frequency bands contribute significantly to the BOLD time course or how much of the variance is uniquely explained by the different frequency bands, the F ratios and their respective p value were calculated for the different LFP bands and the MUA band (see [57] for the application of the F-test to fMRI data).
Supplemental Data
Supplemental Experimental Procedures and two figures are available at http://www.current-biology.com/cgi/content/full/18/9/631/DC1/.
